Introduction
White matter tracts in the CNS largely comprise long axons, associated glial cells, and the ensheathment of axons with myelin. While the role of myelin for axonal conduction and normal motor-sensory function is well known (1), the contribution of white matter integrity to cortical networks and higher cognition is just emerging. Moreover, myelin defects are increasingly linked to mental disease, but mechanistic insight is still lacking and the relationship between cause and consequence difficult to establish in humans (2, 3) .
Catatonia is among the most mysterious and as yet poorly understood neuropsychiatric phenotypes. Appearing as a "psychomotor syndrome," it reflects temporary disruption of executive control in the absence of any "classical" motor dysfunction. Catatonia is typically characterized by a fluctuating course with episodic exacerbations and has historically been associated with schizophrenia, for which it is classified as a positive symptom. Catatonia is, however, also observed in mood-and substance-induced psychotic disorders, malignant neuroleptic syndrome, most encephalitides, and even general medical conditions (4, 5) . Reports on brain areas involved in catatonia are scarce. Available data point to frontal lobe regions, such as the pronounced catatonia in a case of butterfly glioma of the frontal corpus callosum (6) or frontal activation in akinetic catatonic patients detected by functional MRI (7) .
The full-blown clinical picture of catatonia is dominated by immobility, catalepsy, or stupor, sometimes suddenly switching from "frozen posturing" to excessive motor activity ("movement storm"). Milder forms are more common, even though frequently missed in the diagnostic process, and addressed as catatonic signs (8) . In schizophrenia, prevalence is estimated at 0.2%-3.0% (5) . Treatment with benzodiazepines or electroconvulsive therapy is nonspecific and not always effective (4, 5) .
Similarly to what occurs in humans, catatonia appears in mice as a state of transient immobility in which mice persist in an externally imposed abnormal posture. However, in animals, catatonia has previously been reported only upon induction by body pinch
The underlying cellular mechanisms of catatonia, an executive "psychomotor" syndrome that is observed across neuropsychiatric diseases, have remained obscure. In humans and mice, reduced expression of the structural myelin protein CNP is associated with catatonic signs in an age-dependent manner, pointing to the involvement of myelinproducing oligodendrocytes. Here, we showed that the underlying cause of catatonic signs is the low-grade inflammation of white matter tracts, which marks a final common pathway in Cnp-deficient and other mutant mice with minor myelin abnormalities. The inhibitor of CSF1 receptor kinase signaling PLX5622 depleted microglia and alleviated the catatonic symptoms of Cnp mutants. Thus, microglia and low-grade inflammation of myelinated tracts emerged as the trigger of a previously unexplained mental condition. We observed a very high (25%) prevalence of individuals with catatonic signs in a deeply phenotyped schizophrenia sample (n = 1095). Additionally, we found the loss-of-function allele of a myelin-specific gene (CNP rs2070106-AA) associated with catatonia in 2 independent schizophrenia cohorts and also associated with white matter hyperintensities in a general population sample. Since the catatonic syndrome is likely a surrogate marker for other executive function defects, we suggest that microglia-directed therapies may be considered in psychiatric disorders associated with myelin abnormalities.
Microglia ablation alleviates myelin-associated catatonic signs in mice jci.org Volume 128 Number 2 February 2018 catatonic signs. Such a mechanism would be in line with the emerging role of microglia for behavioral phenotypes (15) (16) (17) (18) . Here, we demonstrate an unexpectedly high, age-associated prevalence of catatonic signs in more than 25% of deeply phenotyped schizophrenic subjects. In 2 independent schizophrenia cohorts, we found severe catatonic signs associated with the CNP partial loss-of-function genotype rs2070106-AA. Moreover, we show by MRI that CNP rs2070106-AA carriers in the general population are more likely than G carriers (GG or AG) to display frontotemporal white matter hyperintensities (WMH) on T2-weighted images as proposed subclinical signs of vascular changes, neuroinflammation, and demyelination (19) (20) (21) .
To provide proof-of-principle for microgliosis as the key disease mechanism, we studied Cnp -/-(null) mutant mice. Surprisingly, they developed neuroinflammation with catatonic signs by the early age of 8 weeks. Indeed, we show causality by depletion of microglia with the colony-stimulating factor 1 receptor (CSF1R) or drug exposure (9, 10) . More recently, we detected catatonia in aging mice heterozygous for either Cnp or Mbp (also known as shiverer), both encoding structural proteins of the myelin sheath, 2′-3′-cyclic nucleotide 3′-phosphodiesterase (Cnp) and myelin basic protein (Mbp). Interestingly, in aging Mbp heterozygotes, Cnp expression in the forebrain is also reduced by 50% (11, 12) . Correspondingly, individuals homozygous for the A allele of the SNP rs2070106 in human CNP show reduced mRNA expression (13) and association with catatonia (11) . Therefore, mutant oligodendrocytes yield a predisposition to catatonia, which is not explained by any paucity of myelin; however, the responsible mechanisms have remained obscure.
The neuropathology of Cnp and Mbp heterozygous mice starts late in life and is surprisingly mild, but in either mutant accompanied by an increased number of microglial cells (11, 12, 14) . We therefore hypothesized that neuroinflammation of subcortical white matter, possibly spreading into the prefrontal cortex, could be the cause of ) and Jonckheere-Terpstra (P = 1.3 × 10 -9 ). Mean ± SEM. Also note that CNP rs2070106-AA carriers are most frequent (18.2%) among individuals with highest expression of catatonic signs compared with noncatatonic subjects (10.4%). Two-sided P value for Mann-Whitney U test for extreme-group comparison given in the figure. (B) Distribution of CNP rs2070106 genotype in the Würzburg replication sample of schizophrenia patients based on dichotomous catatonia classification. The AA genotype is significantly more prevalent in patients with (17.9%) than without catatonia (7.8%). -/-mutant, tested on the bar, followed by normal-appearing motor performance. This exemplifies the transiently obvious executive dysfunction in the absence of an underlying motor disturbance. Supplemental Video 2 shows excerpts of undisturbed home-cage observation in an enriched environment of another Cnp -/-mutant with normal motor performance and phases of spontaneous catatonia-like posturing (note the "manneristic" stretching of hind limbs when on the bar).
Catatonic signs were prevented by a 5-week oral application of the CSF1R inhibitor PLX5622 via food pellets, starting at 3 weeks of age, immediately after weaning ( Figure 2 , C and D), consistent with a nearly complete depletion of microglia as reported earlier (22, 23) and reproduced by pilot experiments in preparation of the present study (8- Figure 2E ). Intriguingly, immunohistochemical (IHC) analysis of the corpus callosum of these mice after 4 weeks of drug recovery showed still lower numbers of Iba1 ; P < 0.014) in young mutants is not reduced after PLX5622 treatment.
Magnetic resonance spectroscopy signs of white and gray matter inflammation in Cnp -/-mice and their prevention by CSF1R inhibition. An independent cohort of WT and Cnp -/-mice underwent a follow-up magnetic resonance spectroscopy (MRS) study at 8 and 13 weeks of age (design shown in Figure 2C ), focusing on regions of interest (ROI) in corpus callosum (white matter) and cortex (gray matter) ( Figure 3A ). The first MRS in 8-week-old mice was performed after 5 weeks of control versus PLX5622 diet (starting at age 3 weeks, as in the prevention study above), and the second MRS was performed in the same mice at the age of 13 weeks, i.e., after 5 weeks of PLX5622 food cessation/microglia repopulation. Brain myoinositol is seen as a global marker of glial activation including microglia that strongly correlates with neuroinflaminhibitor PLX5622 (22, 23) , which blocks a critical microglial survival pathway. The so-caused ablation of microglia prevents catatonia onset in young mutants and ameliorates existing catatonia in adult Cnp -/-mice. These findings shed light on the nature of catatonia and suggest that this striking neuropsychiatric syndromeand possibly related executive function deficits -may be preventable as well as treatable.
Results
Catatonic signs are highly prevalent in schizophrenia and associated with the CNP partial loss-of-function genotype rs2070106-AA in independent samples. Within the Göttingen Research Association for Schizophrenia (GRAS) population of deeply phenotyped schizophrenic subjects, 26.7% exhibited signs of catatonia. The severity of catatonic signs clearly increases with age ( Figure 1A ). The percentage of CNP loss-of-function SNP rs2070106-AA carriers among individuals with the highest expression (≥2) of catatonic signs is greater compared with that in noncatatonic subjects (18.2% versus 10.4%; P = 0.03; OR = 1.93; Figure 1A ). This association between catatonia and rs2070106-AA is replicable in an independent sample of schizophrenic individuals (17.9% versus 7.8%; P = 0.015; OR = 2.55; Figure 1B ), categorically classified for catatonia according to Leonhard (24) .
CNP rs2070106-AA carriers in the general population display increased age-dependent WMH in frontal and temporal brain areas.
We wondered whether the CNP loss-of-function rs2070106-AA would reveal any measurable effects on suggested MRI indicators of neuroinflammation and white matter alterations. Employing a subsample of the baseline cohort of Study of Health in Pomerania (SHIP-TREND-0), namely general population subjects with MRI scans available, we quantified WMH. AA carriers showed age-dependent higher WMH volume residuals as compared with GG and AG carriers, most prominently in frontotemporal brain regions and deep brain structures, with all analyses adjusted for total intracranial volume, age (nonlinear), and gender ( Figure 1C and Table 1 ). Control covariance analyses, stepwise including further (potentially interfering) covariates alone or together, namely education, waist circumference, serum triglycerides, and smoking, did not appreciably alter the results. Importantly, peripheral Figure 2D ) and IHC (results in Figure 2F ); yellow arrows: MRS measurements (results in Figure  3 tially reduced microglia numbers upon PLX5622 administration to one-third of untreated Cnp -/-mice, but just reached untreated WT levels ( Figure 4C ). This finding may imply that upon aging and/or in situations of strong inflammatory stimulation, a considerable number of microglia lose their responsiveness to CSF1R inhibition. CD68 immunostaining, localized to the lysosomal membrane and used as an additional readout of microglia activation that is upregulated in actively phagocytic cells (28) , displayed a pattern very similar to that of Iba1 (Figure 4, D-F) . Interestingly, quantification of microglia in the neighboring cingulate cortex as a crucial part of the prefrontal cortex also revealed a distinct increase in Iba1 + cells in Cnp -/-mice ( Figure 2E and Figure 4E ). This demonstrates that white matter inflammation in mutants spreads onto gray matter areas where PLX5622 again leads to a considerable reduction in Iba1 + cells. Both the remarkably increased axonal swellings (APP + ) and the strongly enhanced GFAP + area seen in untreated Cnp -/-mice were diminished under PLX5622, but remained greater than that seen in WT ( Figure 5, A and B) . The same holds true for CD3 + T lymphocytes, which are attracted by chemokines and cytokines into the inflammatory brain and were also considerably reduced upon mation (12, (25) (26) (27) . Quantification of myoinositol in the corpus callosum showed a distinct genotype difference and progression of inflammation over time in Cnp -/-mice ( Figure 3B ). Upon PLX5622, the progressive inflammatory phenotype of Cnp -/-mice was reduced to nearly the level seen in WT (Figure 3, C and D) . A similar but less prominent effect of PLX5622 was observed in the cortex, where the MRS-detectable neuroinflammation in Cnp -/-mice was also less pronounced in treated mice (Figure 3 , E-G).
Catatonia and IHC markers of brain inflammation and neurodegeneration in 6-month-old Cnp
-/-mice are reduced by PLX5622 treatment. The encouraging results of the prevention study made us wonder whether similar effects of microglia depletion by CSF1R inhibition could be observed at a more progressed disease state with advanced neurodegeneration (14) (Figures 4, A-F , and Figure 5 , A-G). As expected, Cnp -/-mice at the age of 27 weeks were catatonic ( Figure 5G ). After 5 and 8 weeks of PLX5622, catatonic signs were reduced ( Figure 4B ). In agreement with the literature, PLX5622-treated WT mice were almost completely depleted of Iba1 + cells (22, 23) , even though -compared with young mice -around 10 times more microglial cells/mm 2 corpus callosum area were retained. In contrast, Cnp -/-mice showed substan- . Since the abundance of oligodendrocyte precursor cells is known to be influenced by microglia and CSF1R inhibition during postnatal development was shown to decrease their numbers (29) , PDGFRα staining was also performed. Indeed, Cnp -/-mice, with their elevated numbers of PDGFRα + oligodendrocyte precursors, as well as WT mice respond to PLX5622 with a reduction of PDGFRα + cells to nearly 50% ( Figure 5 , E and F). Other myelin mutants with neuroinflammation also develop catatonia. Finally, we asked whether and when other mouse mutants exhibiting subtle myelin abnormalities and mild neuroinflammation later in life would likewise display a catatonic phenotype. This included mice heterozygous for Mbp (12) and Plp-null mutant mice (30) . Behavioral testing began at 8 weeks of age and was repeated every 4 to 6 weeks. Indeed, we detected signs of catatonia in heterozygous Mbp +/-mice at ages 60 to 72 weeks, similar to those seen in the aging phenotype of Cnp +/-mice (11). Hemizygous Plp -/y mice displayed catatonic signs already at 25 weeks of age ( Figure 5G ). We note, however, that in all of these mouse lines, including Cnp mutants, and similarly across the different age groups, catatonic signs show some variability regarding time on the bar. While as a group, catatonic mice clearly differ from WT mice, the severity range is sometimes considerable.
To test for specificity of catatonic signs as a white matter problem, the bar test was performed at various ages in a wide range ; 1 section/brain; area described in Figure 2E ). (F) Representative IHC images illustrating the results in C and D. All data in B, C, D, and E were individually tested for Gaussian distribution using the Kolmogorov-Smirnov test. Nonparametric Kruskal-Wallis test was performed in B for multiple group comparisons, followed by post hoc 1-tailed Mann-Whitney U test. Two-way ANOVA was performed for C, D, and F, followed by post hoc 1-tailed unpaired t test. All data are shown as mean ± SEM; n indicated within bars. jci. (35) , yet none of these control mice revealed catatonic signs (all P ≥ 0.2 compared with respective WT). In addition, normal WT (C57BL/6N) mice were tested at 1, 6, 10, or 14 weeks after a single injection of high-dose LPS (5 mg/ kg i.p. given at the age of 4 months), known to induce persistent microgliosis (36) . Also here, no catatonic signs were observed (all P ≥ 0.2 compared with respective untreated controls). Interestingly, even catatonic Plp -/y mice did not reveal any further increase in their catatonic signs upon LPS (5 mg/kg i.p.) when tested at 1, A, B, C, F , and G were individually tested for Gaussian distribution using the Kolmogorov-Smirnov test. Nonparametric Kruskal-Wallis test was performed for B, C, and G for multiple group comparisons, followed by post hoc 1-tailed Mann-Whitney U test. Two-way ANOVA was performed for A and F, followed by post hoc 1-tailed unpaired t test. All data are shown as mean ± SEM; n indicated within bars. jci.org Volume 128 Number 2 February 2018 diately after weaning. The CSF1R inhibitor also proved effective for treatment of existing catatonia in older Cnp -/-mutants, in which it caused a reduction (but not prevention) of axonal degeneration. This is in line with CNP deficiency as a "driver" of neurodegeneration following traumatic brain injury (42) . However, the complete prevention of catatonic signs in the young Cnp-null mutants strongly suggests that catatonia is not caused by axonal degeneration but is primarily a "microglial disease" induced by mild myelin perturbations. This conclusion is also supported by the catatonic phenotype in aged heterozygous Mbp mice that exhibit microglial activation (12), but will not develop the axonal degeneration phenotype of Plp-and Cnp-null mutant mice with motor impairments (14, 43) .
We note that catatonic signs in mice are presently measured by the bar test only, which requires an experienced examiner to yield reproducible results. Having to build on a single readout may explain the cohort-to-cohort variation in the expression severity of this phenotype, which does not show consistent worsening over time (compared with WT controls). Thus, catatonic signs constitute a dichotomous variable in mice (yes/no) rather than a continuous one, as in humans. In fact, several readouts underlie the severity rating used here for humans (9 subtests of Cambridge Neurological Inventory [CNI], including gait mannerisms, gegenhalten, mitgehen, imposed posture, abrupt, or exaggerated spontaneous movements, iterative movements, automatic obedience, and echopraxia; ref. 8) . To obtain a similarly robust continuous measure for mice, more catatonia tests are presently being developed in our laboratory, but these tests still require replications in independent mouse cohorts and extensive crossvalidation with bar test results. We hope to ultimately provide a catatonia severity composite score for mice -as we previously established for autistic phenotypes (44) -which will then help diminish sample heterogeneity as typically obtained for single tests.
Interestingly, treating older Cnp mutants with PLX5622 was less effective in eliminating microglial cells. Thus, at least a subpopulation of microglia seems to become unresponsive to CSF1R inhibition in the course of neurodegeneration. This represents a therapeutically relevant observation that may reflect the activation status of these cells and deserves further investigation. Based on our data, we cannot exclude that some of these resilient cells are invading peripheral macrophages, known to be Iba1 + and perhaps resistant to PLX5622, or that a higher dose of PLX5622 would have eliminated even those seemingly less responsive cells. The fact, however, that in our pilot experiments with older WT mice, a higher cumulative dose (8-week treatment versus 5-week treatment) had not resulted in any stronger depletion may point against this interpretation.
We point out that CSF1R inhibition also affects cells other than microglia, which may have contributed to the catatonic phenotype (45) . Upon CSF1R inhibition, we saw not only a decline in CD3 + T cells that are attracted to the brain by the inflammatory milieu and may influence microglial behavior, but also a decrease in the GFAP + area as a measure of robust astrogliosis. In addition, we noted a diminished number of PDGFRα + oligodendrocyte precursors following CSF1R inhibition, similar to what was shown earlier during brain development (29) . We thus have to assume that indirect effects could add to the therapeutic benefit of PLX5622. 4, 8, or 12 weeks after a single injection (all P ≥ 0.8 compared with PBS-injected controls), suggesting that just the myelin-associated inflammation is critical for catatonic signs.
Discussion
We have identified altered myelin gene expression and minor structural abnormalities of CNS myelin as the trigger of an inflammatory response predominantly in white matter tracts and an underlying cause of catatonic signs in the behavior of mice and humans. This provides a mechanistic insight into a previously enigmatic neuropsychiatric phenotype and expands our view on the role of white matter integrity in cognitive and executive functions in general. Importantly, we have discovered a potential therapy by targeting microglial cells, which emerge as mediators of this neuropsychiatric syndrome.
Our study was based on the previously reported "catatoniadepression" phenotype of aged mice heterozygous for Cnp (11) , which led us to a translational approach from mice to humans and back. Studying the deeply phenotyped GRAS sample of schizophrenic patients (37, 38) , we first demonstrated an age-dependent, unexpectedly high prevalence of more than 25% of catatonic signs, exceeding by far the current estimates of approximately 0.2%-3.0% catatonia in schizophrenic subjects (5) . This major discrepancy is likely explained by the often-missed clinical diagnosis, in particular of the milder forms that are much more common and classified as neurological soft signs (8) .
Importantly, we noticed that the more severe catatonic signs of GRAS patients are associated with rs2070106-AA, a CNP partial loss-of-function genotype (13, 39, 40) , a finding that we replicated in an independent schizophrenia cohort. We could further show by MRI in a general population sample that CNP rs2070106-AA subjects were more likely than G carriers (GG or AG) to display WMH in frontal and temporal brain areas as well as in deep brain structures. These subclinical findings are not unusual in healthy individuals, where they have been associated with vascular changes, demyelination, and activated microglia (19) (20) (21) . Even though this literature is suggestive, we have of course no direct proof (e.g., brain biopsies) that inflammation is increased in white matter tracts of live human AA carriers. We note, however, that diffusion tensor imaging identified higher axial diffusivity and a higher apparent diffusion coefficient in the frontal part of the corpus callosum of AA as compared with GG subjects, consistent with a more progressed axonal loss/degeneration (11) . This finding further supports the presence of at least low-grade inflammation in AA individuals.
While WMH in humans may be an indirect indicator of white matter inflammation, presence of the latter in Cnp -/-mice and its reduction upon microglia depletion were directly shown in the present study. In fact, since microgliosis is a feature of Cnp mutant mice (14) and aged Cnp heterozygotes exhibit a catatoniadepression phenotype together with late-onset brain inflammation (11), we tested our hypothesis that neuroinflammation itself is causal for the catatonic signs of myelin mutant mice. We chose to treat Cnp-null mutant mice at an age at which they were still free of motor impairments, and indeed, we could completely prevent catatonia onset in these young animals by depleting microglia via administration of the CSF1R inhibitor PLX5622 (22, 23, 41) Catatonia in Cnp mutant mice was prevented by depletion of microglia at a young age and was even treatable in older animals. While this is important as a proof-of-principle, more research will be needed to define effects of repeated treatment cycles with CSF1R inhibitors as well as to delineate more specific pharmacological targets in activated microglia. In fact, repeated treatment cycles with treatment-free intervals may still be effective, but reduce the risk of side effects, potentially resembling hereditary diffuse leukoencephalopathy with spheroids (HDLS), a CNS white matter disease described in individuals with loss-of-function mutations of the CSF1R gene (54) . Catatonic signs in patients with schizophrenia are generally mild and per se may not even require specific treatments. However, they likely constitute a surrogate marker for disturbance of broader executive functions and for cognitive deficits, which are severely disabling and currently untreatable, but may also be responsive to specific microglia-targeting antiinflammatory therapies.
Methods
Human studies GRAS sample of schizophrenic subjects. The GRAS data collection (37, 38) involved deeply phenotyped patients (n = 1095, age 39.1 ± 12.7 years; 66.8% men) diagnosed with schizophrenia or schizoaffective disorder according to DSM-IV-TR (55) . Catatonic signs as the present study's target phenotype are from the CNI (8) . Genotyping of CNP SNP rs2070106 was performed using a semi-custom Axiom MyDesign Genotyping Array (Affymetrix) as reported previously (35, 56) .
Würzburg replication sample. Schizophrenic subjects (n = 288, age 41.4 ± 13.5 years; 54.5% men) were assessed categorically into catatonia versus no catatonia according to Leonhard's classification (24), as described earlier (57) . Genotyping of CNP SNP rs2070106 was performed by means of a quantitative reverse-transcriptase PCR-based (qRT-PCR-based) system using a custom-made primer (KASP assay, LGC Genomics).
SHIP general population sample. A subsample (n = 552, age 46.2 ± 11.4 years; 42.6% men) of the baseline cohort of SHIP-TREND-0 (accessible via application at www.community-medicine.com) was analyzed (58) . Only individuals with available SNP information, valid brain MRI scans, complete covariate data, and no neurological conditions were included. Genotyping was performed using the Illumina HumanOmni2.5-Quad and imputation of genotypes via IMPUTE v.2.1.2.3 against the HapMap II (CUv22, Build36) reference panel. The call rate was very high for the CNP SNP rs2070106 (1.00).
MRI acquisition. T1-and T2-weighted MRI were used to measure regional patterns of WMH. All images were obtained using a 1.5T Siemens MRI scanner (Magnetom Avanto, Siemens Medical Systems) with an axial T1-weighted MPRAGE sequence and the following parameters: 1 mm isotropic voxels (flip-angle 15°); 3.37 ms echo time; 1900 ms repetition time, and 1100 ms inversion time. Axial T2-FLAIR sequence had the following parameters: 0.9 × 0.9 mm in-plane spatial resolution; 3.0 mm slice thickness (flip-angle 15°); 325 ms echo time; 5,000 ms repetition time. An automated multimodal segmentation algorithm for WMH determination produced a probabilistic map, thresholded to generate a binary image. Thresholding was based on the default threshold value obtained from algorithm training data. To calculate WMH volume within specific ROI, we applied a multiatlas A large number of studies in mouse models of neuropsychiatric disease have analyzed the contributions of single genes and developmental defects on cognitive dysfunction, autistic traits, signs of depression, and other mental disease-relevant phenotypes (46) (47) (48) (49) . However, this research has mainly focused on negative and cognitive symptoms, which are easier to model in mice than any of the positive symptoms (delusions, hallucinations), most of which are considered human specific. Catatonia, defined in DSM-5 as a disease specifier for schizophrenia and major mood disorders (5), emerges as an intriguing exception, a positive symptom, and quantifiable readout that can be studied across species.
Our study is, to our knowledge, the first molecular-genetic approach to catatonia and catatonic signs. However, we have to assume that the etiology of these conditions might be heterogeneous. Myelin perturbations may be just one of several possible causes. Further studies are needed to determine whether secondary neuroinflammation is always essential in the "final common pathway" to catatonia. The inefficiency, however, of LPS-mediated brain inflammation to induce catatonic signs in WT mice or to further enhance them in catatonic Plp -/y mutants supports the concept of primary myelin alterations (or other underlying causes) being of critical importance for the development of a catatonic phenotype. In fact, peripheral LPS injection most likely acts by causing the liver to produce high levels of circulating TNF-α, which enters the brain at specific sites to incite the abnormal stimulation of endogenous microglia and trigger a vicious and long-lasting circle of events that may even lead to neurodegeneration (50, 51) . Here, gray matter areas, such as dopaminergic nuclei, seem to be at higher risk than white matter, whereas myelin-associated inflammation is a unique feature of Cnp -/-and other myelin mutant mice. The sudden loss of motor control in catatonia, followed by an equally sudden regaining of control -often within seconds -ultimately suggests a dysfunction of synaptic circuitry. Importantly, we could show that chronic neuroinflammation in the subcortical white matter progresses into the cingulate cortex, where activated microglia are known to perturb normal synaptic function (16) . The production of nitric oxide and axonal conduction blocks, for instance, constitute well-established links between activated microglia and neurodegeneration (52) . Within the cortex, the inflammation associated with myelinated fibers may also affect nonmyelinated axons and dendrites (as bystanders), but is probably rather transient or fluctuating because neuronal somata (unlike axons) and the synaptic circuitry are more likely to recover from acute mitochondrial perturbations caused by reactive oxygen species such as NO, as seen in chronic progressive multiple sclerosis (53) .
Inflammation, identified in the present study as a major mechanism of catatonic signs, might also affect other phenotypes of mental disease, which could explain the frequently observed fluctuations in their clinical presentation ("episodes"). Alteration of the body's inflammatory state, as encountered in infectious diseases or even during the normal estrous cycle (luteolysis), may have an additional amplifying impact on inflammation within the CNS and thus contribute to the still poorly explained episodic course of many neuropsychiatric diseases. Also, the most severe acute form of catatonia, the life-threatening febrile pernicious catatonia (4), may represent a fulminant inflammation of white matter tracts. jci. H-MRS were performed at a magnetic field strength of 9.4T (Bruker BioSpin). MRI consisted of T2-weighted images (2D-FSE, TR/TE = 2800/11 ms, 100 × 100 × 300 μm 3 ) based on which respective volumes of interest for localized proton-MR spectra were positioned. MR spectra (STEAM, TR/TE/ TM = 6,000/10/10 ms) were obtained from a volume of interest in the cortex (3.9 × 0.7 × 3.2 mm 3 ) and corpus callosum (3.9 × 0.7 × 1.7 mm 3 ). Metabolite quantification was completed with spectral evaluation by LCModel (Version 6.3-1L). Results with Cramer-Rao lower bounds greater than 20% were excluded from further analysis.
Statistics
Group differences for continuous variables in human samples were assessed using the Kruskal-Wallis and Jonckheere-Terpstra trend tests. Genotype comparisons used the χ 2 test. Multivariate linear regression models were run with WMH volume as a dependent variable and rs2070106 genotype-age interaction term as a predictor of interest. WMH volumes were transformed via cubic root due to their highly skewed distributions (20) . For whole brain, total WMH volume was calculated summing all clusters greater than 10 mm 3 to segmentation method. This included nonlinear registration of multiple atlases with ground-truth labels for every individual scan. Finally, WMH was determined for every region of the brain by masking WMH from all other regions (20) .
Mouse studies
In all experiments, the experimenter was unaware of mouse genotypes and treatments (fully blinded).
Mouse maintenance and genotyping. Male and female mice were group-housed separately in ventilated cabinets (Scantainers; Scanbur Karlslunde) unless otherwise indicated for experiments requiring single housing. Mice were maintained on a 12-hour light/12-hour dark cycle (lights off at 7 pm) at 20-22°C, with access to food and water ad libitum, woodchip bedding, and paper tissue as nesting material. Mutant mice (all C56BL/6J background) were genotyped as previously described for Cnp (11, 14) , Mbp (12) , and Plp (30) . Only males were used for experiments with Mbp and Plp mutants, while both females and males were used for experiments with Cnp mutants (housing and testing were always separated). We did not observe any gender differences in catatonic signs. The following neuropsychiatric phenotype-relevant mouse lines, with mutations affecting synapses, blood-brain barrier function or autophagy, were used as controls: (34) .
Treatments. PLX5622 (formulated in AIN-76A standard chow by Research Diets; 1,200 ppm) and control food (AIN-76A) were provided by Plexxikon Inc. (22, 23) . For tracking of potential batch-tobatch variations in future studies, PLX5622 lot numbers are given: 17032710A5TT1.0i; 16010809A9TT1.0i; 17010309A7TT1.0i; and 16092608A1TT1.0i. LPS was injected intraperitoneally (5 mg/kg LPS; O111:B4; Sigma-Aldrich).
Bar test for catatonia. All mice were transferred to the experimental room 30 minutes prior to testing for habituation. The bar test was performed as previously described (11, 59) . Briefly, the mouse was gently carried by the tail to a horizontal bar made of stainless steel (12 cm length, 2.5 mm diameter). Upon grasping the bar with both forepaws, the mouse was moved downwards so that its hind paws had contact with the floor before its tail was released. All experiments were recorded using a high-resolution camcorder (Sony HDR-CX405, Sony Europe Limited). Catatonic signs were scored manually from video recordings as the duration of uninterrupted time a mouse stood nonmoving with at least 1 forepaw on the bar and both hind paws on the ground. Scoring was performed by trained observers blinded to treatments and genotypes (for illustration, see Supplemental Video 1).
Immunohistochemistry. Anesthetized mice were perfused with Ringer's solution (Braun) followed by 4% formaldehyde. Brains were collected, postfixed overnight in 4% formaldehyde, cryoprotected in 30% sucrose, and stored at -80°C. Whole mouse brains were cut into 30-μm-thick coronal sections on a cryostat (Leica, CM1950) and kept in storage solution (25% ethylene glycol/25% glycerol in PBS) at -20°C. For APP and CD3 staining, sections were microwaved in citrate buffer (1 mM, pH 6.0) and for APP detection further pretreated in 3% H 2 O 2 . All sections were permeabilized and blocked with 5% normal horse serum (NHS)/0.5% Triton X-100 in PBS for 1 hour at room temperature. Sections at a bregma level between +1.15 and +0.5 mm were immunostained for Iba1 (rabbit, 1:1,000, catalog 019-19741,
